This paper describes a first demonstration setup for the transparent transmission of two analog signals using Mode Group Diversity Multiplexing (MGDM). MGDM is an optical multiple-input multiple-output (MIMO) technique suitable for short-reach multimode fibre networks. In this demonstrator two baseband analog signals are transmitted together with out-of-band pilot tones. Measurements of the pilot tones are used at the receiver to estimate the transmission matrix; the inverse of this matrix is then used to demultiplex the received signals. A number of experimental results are given for the performance of the experimental setup.
Introduction
Multi-mode fibre (MMF), especially graded-index multimode fibre (GI-MMF) is often used in short-reach networks like those on campuses or for in-premise communication because of ease of installation. The bandwidth of MMF is mostly limited by modal dispersion, which can be alleviated by exciting only a subset of the modes available in the fibre with the offset launch technique [3] . If different subsets of modes are excited within the fibre, they can be used as independent communication channels, increasing the capacity of the fibre even more. The subsets of modes then play a role similar to that of spatial channels in multi-antenna wireless MIMO systems.
The first results from optical MIMO were reported by Stuart [4] . In his set-up two BPSK signals (at a rate of 50 Mbps) were transmitted through 1 km of multi-mode fibre. Differential mode delay helps to improve the signal separation between the two data streams, which in turn could be easily separated by simple signal processing at the fibre output.
As one of the goals of our study is the design and implementation of a fully transparent system, we cannot exploit any prior knowledge of the signals to be transmitted. The (two) signals are separated thanks to the difference in their near field patterns (NFP), measured at two locations on the output of the fibre. At each of these locations the output signal r i  t is given by a linear combination of the inputs s i t  as determined by the coefficients H ij , indicating the amount of power sent from transmitter i to receiver j :
This transparent approach has been named Mode Group Diversity Multiplexing (MGDM) [2] .
After the signals have been detected, they need to be processed electronically to remove the crosstalk between the channels inside the fibre. The operations to be performed are very similar in spirit to equalization of inter-symbol interference in digital communication channels or to spatial beamforming. This analogy will prove useful in the development of future architectures and algorithms for signal recovery.
We have recently examined the linearity requirements and robustness of a 2x2 MGDM system [6] designed to transmit two data signals through a large core diameter (148 μm) MMF and detect them again on two photodiodes. In this paper we build on these recent experiments and report some preliminary results on the signal processing required to separate the signals. In particular, a first low cost proof of concept demonstrator for an MGDM communication system transmitting analog video and audio signals will be described. Figure 1 depicts a block diagram of the two-channel, transparent MGDM demonstrator set-up.
MGDM Demonstrator Setup
At the transmitter side, two 635 nm lasers are each driven by a current source. The current is proportional to the sum of the voltages of three input signals:
• a DC offset to bias the laser into a linear working range,
• a pilot signal p t to help identify the channel and assist in determining the transmission matrix, and
• the actual data signal s t .
A number of options have been considered for the pilot signals. First of all, pilots must be separated from the signals, and be distinguishable among themselves. Several multiplexing techniques are available for that purpose, namely frequency division multiplexing (FDM), time division multiplexing (TDM), or code division multiplexing (CDM). Because of the goal of a fully transparent system, both for analog and digital signals, TDM was rejected because it would disrupt any analog data signals. The choice is then between out-of-band FDM and in-band CDM. Although the latter has the potential of a more efficient use of the available bandwidth, from the implementation point of view the former is preferable. Out-of-band pilots (FDM) are much easier to implement with low-cost components, so this multiplexing method was chosen. Furthermore: the signal does not contribute to the pilot-to-noise ratio and the pilot will not distort the signal, which also supports this choice.
In parallel, the pilot signals must be distinguishable from each other. Again the same options as above are available here, namely FDM, TDM, and CDM. Once again, because of implementation complexity, separate frequencies for each pilot tone were chosen (FDM), because this makes the pilot tones easily separable from each other, both in analog and digital processing. A pilot at frequency f i is described by
A simplified schematic diagram of the laser driver can be found in figure 2. On the left are three operational amplifiers (IC1, IC2, IC3) in a unity-gain configuration to act as a buffer for the input signals and to perform impedance matching for the inputs. The outputs of these amplifiers are summed by the inverting adder circuit consisting of amplifier IC4 and resistors R2-R5. The final amplifier, IC5 acts as an inverting voltage-to-current converter by feedback of the voltage over R6, which is proportional to the current through both this resistor and the laser diode (LD).
To keep the cost of the setup low, the lasers are only cooled by being mounted on an air-cooled heatsinks. The lasers are operated in the linear regime, with the (measured) secondharmonic distortion being better than 35 dB.
At the laser outputs the signals are attenuated by variable optical attenuators (VOA) to prevent overloading of the receiver sensor. Furthermore they also provide an easy-to-use method to control the optical power per channel.
A fibre concentrator (FC), which is a planar waveguide that transforms single mode waveguides from the standard pitch of 125 μm to 30 μm, was used to excite two groups of modes simultaneously.
The output of the FC is butt-coupled to 10 m of silica GI-MMF with a core diameter of 185 μm and core-cladding diameter of 250 μm. The FC is placed in such a way that one signal excites lower order modes of the fibre and the second signal excites higher order modes. The two cases correspond to launching with radial offsets of 0 and 30 μm from the fibre axis respectively.
As the delays between different modes are only very small (in the order of tens of picoseconds with typical short-range fibres), they can not be measured with the equipment available and hardly have any influence on the transmitted signals at all. These delay differences will therefore not be compensated in the receiver.
At the end of the fibre, the difference in launching offsets yields different near field patterns (NFP) like the ones in figure 3 . This NFP is projected onto a photo detector IC (PDIC, [1] ), containing 11 sensors arranged in a line (figure 4) with on-chip preamplifiers. The distances of the fibre end to the lens and from the lens to the PDIC are chosen such that the NFP is magnified two times to cover three sensors on the PDIC; with this configuration a 2x2 system can be realised while minimizing the coupling losses at the receiver. The PDIC was originally designed for an optical storage system; its sensitivity is highest for visible light, which limited the choice of laser wavelengths that could be used. Because of component availability a wavelength of 635 nm was chosen, which has the added advantage that it falls at a minimum of the attenuation spectrum of the PMMA material and thus experiments with PMMA Polymer Optical Fibres (POF) can be performed. Each sensor consists of four sub-segments, although these are only available externally for sensors -5, -4, 0, 4 and 5. All sensors have a separate RF output, containing the sum of the signals on its four sub-segments. For the demonstrator setup, the RF outputs of two PDIC segments were used: segment -2 was placed in the center of the image projected onto the PDIC, so it received light coming from the low-order modes and segment -3 was used to detect light from the edges of the projected image.
The PDIC is connected to a dedicated external 11-channel amplifier that converts the differential current outputs of the IC into 50 Ω single-ended outputs and limits the bandwidth of the signals to 30 MHz with a low-pass filter.
To illustrate the setup, a photo has been added in figure 7 . On the small side-table the attenuators and the FC are mounted, the optical receiver is on the left side of the large table; laser drivers, lasers and the demultiplexing circuit are on the right side of this table.
Demultiplexing
As already mentioned in the introduction the signal mixing within the GI-MMF is linear [6] , therefore it can be modeled by a 2x2 transmission matrix ( H ):
The MGDM model from equation 2 suggests a straightforward method of performing the demultiplexing step: the transmission matrix H should be inverted and multiplied with the received signals to retrieve the originally sent signals (equation 3).
It is worthwhile noting that this operation corresponds to zero-forcing equalization in the context of inter-symbol interference cancellation, or to interference nulling in spatial beamforming. Even though these methods are known to be optimum only in absence of noise, they represent a satisfactory trade-off between design complexity and achievable performance.
The coefficients of the transmission matrix are unknown to the receiver, so they need to be estimated with the help of the amplitudes of the pilot tones available in both of the received signals. These amplitudes are directly related to the signal mixing within the fibre, so they form the estimated transmission matrix. Figure 5 shows the block diagram of a feedforward/feedback demultiplexer, which can be used to recover the input signals s i t . On the left, the pilot tones in the two signals on the input are estimated; together, these estimates form the estimated transmission matrix (  H ). The matrix is then inverted (  H − 1 ) and the input signals are multiplied with this inverted matrix to yield an estimate of the transmitted signals.
The bandwidth of the variations in the channel coefficients has been measured to a value lower than 0.1 Hz, that is, estimates need be updated relatively rarely, once every 10 seconds. In order to remove residual errors, such as component tolerances or drift, a second element, a feed-back loop, can be used. Assuming that the feedforward demultiplexing is working properly, the feedback loop need only take care of the (estimated) matrix coefficients  H 12 and  H 21 , as shown in Figure 5 .
In our demonstrator, the input signals are sampled by a USB 2.0 based data acquisition device, connected to a PC. After sampling, an FFT is performed on both signals and the amplitudes of the pilot tones are estimated by calculating the RMS signal averages over a small bandwidth around the pilot tone frequencies. These estimates of the pilot tone amplitudes are then used directly as the coefficients of the transmission matrix (  H ). This matrix is inverted in software (  H − 1 ) and normalised so the maximum absolute value of the coefficients is 0.6. The normalisation of the coefficients does result in a scaled version of the estimated input signals  s , but it is necessary for the demultiplexer, which can only accept a maximum coefficient of 0.6. At the time of writing of this paper, the feedforward demultiplexer is working, although the coefficients can not yet be set automatically from the calculated inverted transmission matrix by the PC and the feedback circuit has not been implemented yet.
The demultiplexer module multiplies the two incoming signals ( r ) with the four coefficients of the inverted and normalised transmission matrix. These coefficients are set offline by connecting a reference signal to one of the inputs and measuring the amplitude of the output signals while manipulating the coefficients with potentiometers connected to the multipliers.
At the output of the demultiplexer module the estimates of the original signals are now available; these signals can then be filtered to remove the pilot tones and amplified back to their original signal amplitudes.
Results
To determine the feasibility of MGDM for communication purposes, several characteristics of the first MGDM setup that is available now were measured. 
Channel separation
To measure the separation of the signals after the demultiplexer, a 7 MHz sine wave was injected into the low order modes at the transmitter and an 8 MHz sine wave was injected into the high order modes. At the output of the amplifier the spectra of the signals on the used PDIC sensors were measured ( figure 6, (a) and (b) ), together with the spectra of the demultiplexer outputs ( figure 6, (c) and (d) ). The demultiplexer was configured by hand for maximum signal output: the main diagonal of the inverted transmission matrix was set to the maximum multiplication for this demultiplexer and the other coefficients were adjusted to cancel out the unwanted signal components.
From graphs (a) and (b) it can be seen that the signal injected into the lower order modes (7 MHz) is mostly visible in the lower order modes on the output (a), but the signal injected into the higher order modes is quite evenly spread out across the entire output. These output levels are expected from the NFPs mentioned in section 2.
The signals from the PDIC are not separated very well: 11 dB on the center photodiode and 25 dB on the outer photodiode. After the demultiplexer, the signals were as depicted in graphs (c) and (d), with separations of 29 and 30 dB respectively.
Some further experiments were done to find the reason why the signals could not be separated any further; at lower frequencies the unwanted signal amplitudes in the outputs are much lower, leading us to believe that a slight asymmetry with respect to signal delays is still in the system. This asymmetry prevents the unwanted signals from being canceled out completely.
Resulting Pilot-to-Noise ratio
For transmission of digital signals, a SNR of 20 dB is usually required, while for analog signals 40 dB is desirable. From figure 6 , subfigures (c) and (d), the signal to noise ratio can be calculated. To keep the DC offset from the laser bias from distorting the noise level, the first five data points from the FFTs were discarded in the calculations.
Within the measured bandwidth (25 MHz) after demultiplexing, the pilot-to-noise ratio of the system is 31 dB for the low-frequency channel (injected into the lower order modes) and 33 dB for the high-frequency channel (injected into the higher order modes).
Television demonstrator
To get a feeling for the signal quality that could be obtained, the composite video output and one of the analog audio outputs of a DVD player were connected to the signal inputs of the lasers. The video signal was transmitted through the lower order modes and the audio signal through the higher order modes. The signal power range used by the lasers was between 1 and 3 mW to prevent nonlinear distortions of the signal (the same setup as in previous experiments: The lasers were biased at 2 mW with the signals giving an amplitude of 1 mW on the outputs).
After the demultiplexer two simple amplifiers were used to amplify the signals back to a useable level for monitoring on a composite video monitor and a pair of amplified speakers. Although some noise speckles were visible in the video signal and noise was faintly audible, the signal quality was quite good. Crosstalk between both channels was easily removed by tuning the demultiplexer coefficients.
Over time it was clear that the coefficients did change slowly.
For maximum channel separation an automatic circuit for setting the demultiplexer coefficients should be used.
Conclusions
We have proposed a demultiplexing system for a mode group diversity dultiplexed system, based on a cascade of a feedforward and a feedback interference compensation. As a first step, a feedforward interference compensation method has been implemented.
The results from this first setup indicate that MGDM is a feasible technique for transmitting multiple signals over a graded index multi-mode fibre.
Further improvements to be made to the system include a better board layout for the demultiplexer to increase the signal separation and providing a means of setting the demultiplexer coefficients adaptively to track changes in the coefficients.
